Drosophila X virus described here appeared as a contaminant in Drosophila melanogaster. It is pathogenic for the inoculated flies, inducing anoxia sensitivity and death in these insects. An assay based on these symptoms in flies has been developed. Immunofluorescence has been used to study the characteristics of infected Drosophila cell cultures. A permanent infection can be established in these cultures. This virus is morphologically similar to several ungrouped vertebrate and invertebrate viruses like IPNV, IBDV and Tellina tenuis virus. Its possible origin is discussed.
INTRODUCTION
The virus described here was observed during studies involving serial passages of Sigma virus in Drosophila. The rhabdovirus Sigma induces CO2 sensitivity in Drosophila (L'H6ritier, I958) . Infected flies die after I5 min exposure to pure CO2, while uninfected flies do not exhibit a similar sensitivity. In the course of a control uninfected passage, some flies were observed on one occasion to be sensitive to the CO2 test. By negative contrast electron microscopy it was found that they contained no rhabdoviruses but a large number of icosahedral particles. Later, similar particles were observed in Drosophila cell lines. In the absence of information on a relationship to any other known virus, this virus has been named Drosophila X virus (DXV). We have developed an assay for this virus based on the symptoms induced in Drosophila.
Some preliminary immunofluorescence experiments have been performed to study the characteristics of infected cell cultures.
METHODS

DX virus stock.
Two flies from a sample of 72 were found to be COs-sensitive in an uninfected control passage in an experiment on Sigma virus. They were homogenized in o.2 ml TD saline solution [NaC1 I3 × IO -2 M, KC1 5 × Io-3 M, Na~HPO4 7 × IO-4M, tris (hydroxymethyl) aminoethane 8 × Io -3 M, pH adjusted to 7"6] containing penicillin (25o units/ml), streptomycin (o.I mg/ml) and Io% calf serum (Sorga, Paris). The suspension was centrifuged for I5 rain at 300o rev/min and the supernatant kept at -80 °C as the stock virus '347'-A sample of flies (I 5oo) was injected with a 10 -3 dilution of the stock virus 347-Eight days later, all became COs-sensitive. They were then homogenized in 60 ml TD and the extract centrifuged for 15 min at 3oo0 rev/min. The supernatant was filtered, homogenized with 30 ml chloroform and centrifuged under the same conditions. The aqueous phase was filtered through Millipore filters (pore size 0"45 #m). Negative contrast electron oo22-I317/79/oooo-3265 $02.00 ©I979 SGM microscopy showed no virus particles other than DX virions in this suspension. Samples were distributed in small tubes and kept at -8o °C as secondary virus stock; a 2o ml sample was used for the preparation of antiserum.
Drosophila stocks. The standard flies used for injection were hybrids of either wild type ' Oregon' and ' ebony' or wild type ' Champeti~res' and ' vestigial'. Hybrids were used since they were more vigorous than homozygous strains. The insects were cultured on an axenic medium as described by David (I959) . The technique for i~ection has been described by L'H6ritier (I952), and the technique for the CO2 test has been described by Plus (I954) . All experiments were performed at 25 °C.
Electron microscopy
Thin sections. Drosophila melanogaster flies were dissected in a solution of I ~o glutaraldehyde, o.I M-phosphate buffer, pH 7"4. The various organs were fixed in z% osmium tetroxide (OsO~) for I h, dehydrated in graded acetone series and embedded in EponAraldite (Voelz & Dworkin, I96z) . Tissue culture cells were scraped from vials, compacted by centrifugation and fixed in I °/o glutaraldehyde for 30 min, followed by OsO4 for I h. When necessary, the cells were gathered in a fibrine clot I967) then dehydrated and embedded as described above for Drosophila organs. Thin sections, cut on a Porterblum microtome MTI, were stained with uranyl acetate and lead citrate (Venable & Coggeshall, I965) .
Negative contrast. Fly extracts, cell culture supernatant fluids and gradient purified virus suspensions were negatively stained using minor modifications of Brenner & Home's method 0959). Two per cent solutions of either potassium phosphotungstate, pH 7, or ammonium molybdate, pH 7, were used. A carbon lines grating replica (463 nm + o'3 ~o per line) was used for calibration of magnification.
Cells. Cell lines 68K (Echalier & Ohanessian, I969) , 69 D, 69 I, 69J (Richard-Molard, I975), were grown at 25 °C, using D22 medium containing lo % foetal calf serum (Echalier & Ohanessian, I97o) . The foetal calf serum used was lot no. SLI5K (Flobio, Paris). Cell lines were transferred every week. At each transfer, 25 cmz Falcon plastic flasks were seeded with 4 × Io6 cells in 3 ml of medium.
Cell infection conditions. In Leighton tubes, io 6 ceils were seeded in t ml of D22 medium 48 h before infection with DXV. The cells were inoculated with o. I ml of virus suspension. After I h adsorption at z5 °C, the inoculum was removed and the cells were washed twice with TD solution. After addition of 3 ml D2z medium, the cells were incubated at 25 °C for up to 26 h. For longer incubation periods, the cells were seeded in 25 cm 2 Falcon flasks at a density of 4 ×IoG cells per 3 ml medium. Forty-eight hours later they were infected with o.2 ml virus suspension, prepared as described above. For immunofluorescent staining, cells were transferred to Leighton tubes (lO 6 cells per tube) 48 h before fixation.
Antibodies. Rabbit antiserum against DXV used in immunofluorescence experiments, was prepared by Dr Pierre Peri (Institut National de la Recherche Agronomique, Grignon). A I/80 ooo dilution of antiserum heated to inactivate complement and incubated for I h at 27 °C with a virus suspension containing I-2 x lO 3 infectious units (IU) per ml, reduced the titre to 25 % of the original titre. Fluorescein labelled anti-rabbit immunoglobulins prepared in sheep were purchased from the Institut Pasteur (Paris).
Immunofluorescent staining. The cells were washed twice with phosphate buffered saline solution (PBS), fixed with cold acetone and either prepared immediately for immunofluorescent staining or stored at -20 °C for I to 8 days. The localization of virus antigens followed the indirect method of Coons & Kaplan 0950) using rabbit antiserum conjugated with fluorescein isothiocyanate. Fixed cells were exposed for 3o min to a 2oo-fold dilution in PBS of antiserum prepared against the virus antigens. They were then washed in PBS three times for ]o min and treated for 3o rain at room temperature with a 5oo-fold dilution of the fluorescent anti-rabbit immune serum in PBS; the cells were then washed again three times and mounted in Elvanol, a polyvinyl alcohol (Rodriguez, i96o) .
Two types of staining controls were made: a complete staining of mock-infected cells and a staining in which the antiviral rabbit serum was replaced by PBS.
RESULTS
Syrup toms induced in flies
Flies injected with a sample of stock virus 347 died. When samples of flies were injected with various concentrations of virus (sufficient to kill all the flies of each sample) a linear relationship was observed between the survival time and the log of the inoeulum concentration (Fig. I a) . The virus also induced in flies a sensitivity to oxygen starvation (anoxia tes0 which appeared 3 to 4 days before death occurred (Fig. I a) . This sensitivity of DXV infected flies was initially detected by the CO2 test but was found not to be specific for COs, since similar results were obtained by exposure of infected flies to an atmosphere of pure nitrogen. Exposure to nitrogen for [5 min at I2 °C of uninfected insects anaesthetized them for a short time (less than 15 rain after return to a normal atmosphere) but infected flies were killed by this treatment. Presumably, these deaths occurred due to the lack of oxygen in the test. Therefore this symptom was called 'anoxia sensitivity'.
Assay of D XV
Either death or anoxia sensitivity were used to assay DXV by the dilution technique used for Sigma virus or vesicular stomatitis virus (Plus, I954; Brun, I963; Printz, I968) . If the virus particles are independent in their probability of initiating infection, then the regression obtained between the log of the inoculum concentration and log ( -Lp) will be linear with a slope of ~. Assays were performed as follows: samples of 7o flies each were injected with serial I o-fold dilutions of the virus suspension. When the inoculum was diluted sufficiently, a certain proportion of the flies did not show any symptoms. Among them, the time of incubation was distributed normally between Io and 17 days for appearance of anoxia sensitivity and between r2 and I9 days for death. Surviving flies were kept for 25 days, during which time only a few of them died or acquired anoxia sensitivity. Symptomless flies were then homogenized and their extracts tested for infectivity. A high proportion of these symptomless flies contained virus. These flies could also be infected from contact transmission. The assay method then holds only if flies infected by contact do not show symptoms like primarily infected flies.
Contact transmission was tested by mixing flies injected with a virus suspension and control uninjected flies. Sex was used as a marker: infected males were mixed with uninoculated females and vice versa. Since no statistically significant sex-linked differences were observed, results have been pooled. The contact lasted until the last injected fly died (after I9 days) and uninjected flies were kept up to 42 days after initiation of contact. Amongst uninjected flies, dead ones were collected and the others were tested at regular intervals for sensitivity to anoxia. Dead flies, those sensitive to anoxia and symptomless flies were homogenized individually and their extracts were injected into samples of 35 new flies to test for infectivity (see Table I ). A parallel control experiment was carried out at the same time (with flies originating from the same progeny), except that no injected insects were mixed with uninfected ones (Table I ). In the contact experiment, 49 flies out of I3o contained more than it s IU, while in the control experiment no flies out of 185 contained more than It 3 IU (and only one contained between 5 and It 3 IU). We conclude that DXV can be transmitted by contact.
Amongst these 49 contaminated flies, none presented the symptom of anoxia sensitivity earlier than 2o days after the beginning of contact and it was only between 20 and 42 days that I I of them became anoxia sensitive. Three deaths occurred between days 9 and 2o. If this number is compared to the 2 flies out of 81 which contained less than lO 3 IU and died between days 9 and 20, the difference is not significant. We can estimate that these two deaths were not due to a virus multiplication since the average virus content of flies showing the pre-mortal symptom of anoxia sensitivity is It 9 IU (see below). Therefore, it is likely that all the deaths observed between 9 and 20 days were not due to infection.
The number of infectious units in the volume injected into each fly (m) was calculated from the proportion (p) of symptomless insects 20 days after injection: m = -Lp. The regression line between log (-Lp) and log of the inoculum concentration has a slope of o-64 which is lower than the theoretical slope of I. In three independent experiments the slopes observed were identical (Fig. I b) . We define one infectious unit (I IU) as the smallest inoculum able to induce the symptom in an injected fly within zo days after injection. According to this method the average yield of a fly sensitive to anoxia was lO 9 IU. This assay was used for the detection of DXV multiplication at 3o °C in primary calf kidney cells and in chick embryo fibroblasts. No evidence of any DXV multiplication was observed.
Electron microscopy Negative contrast
Infected Drosophila extracts, cell culture supernatant fluids clarified by low speed centrifugation and caesium chloride purified extracts all presented particles with the same morphology: a single shell, hexagonal in shape suggesting icosahedral symmetry. The point to point distance was 72 + Inm (edge to edge about 62 nm). Four protuberances measuring 8 nm each were noted on one edge of the hexagon (Fig. 2a) . In better resolved pictures, each protuberance appeared like a tubular morphological unit (Fig. 2 a) . Cylindrical particles were occasionally observed (Fig. 2 b) .
Ultrathin sections
Digestive tract, brain, thorax, muscles, ovaries, testis and Malpighian tubules from anoxia sensitive and dead flies were examined. In dead flies, virus particles were widely distributed in all these organs. In anoxia sensitive flies, just after the appearance of sensitivity, the gut cells (Fig. 3 a) , the trachea cells (Fig. 4b ) and the muscle sheath of different organs were mainly affected. The particles consisted of a dense core, 31 nm in diam., surrounded by a single apparent outer shell. They were found exclusively in the cytoplasm, either scattered or in crystalline array where the average centre to centre distance between particles was 65 nm (Fig. 3 b) . Some cells presented, throughout the cytoplasm, diffuse masses of granular material which could be viroplasms (Fig. 4c) . At no time did we observe any occluded polyhedra. The highest intracellular concentrations of virions were often observed at the cell periphery under the plasma membrane (Fig. 3 a, 4 c) . Extracellular particles were identical to intracellular ones and no budding was observed. Early invasion of trachea ceils might account for the sensitivity of flies to anoxia as a primary symptom of DX virus infection. The same basic characteristics of DXV morphogenesis were observed in cultured cells (Fig. 4d) . Still, the presence in these cells of viroplasms specific for D X V is more questionable since these cells already contain viroplasms from D K virus, a reovirus-like c o n t a m i n a n t (D. Teninges et al. 1979) .
Immunofluorescence
Several cell lines, listed in Table 2 , were screened for D X V contamination. Two tests were applied: (i) induction of anoxia sensitivity in flies after injection of cell culture supernatant Drosophila X virus 247 
Estimation of the multiplicity of infection (m.o.i.)
If we assume that the virus particles are independent in their probability of infecting a cell and the cell population homogeneous, a linear relation with a slope of I is expected between the log of the inoculum concentration and the log of the m.o.i, calculated from the frequency of non-fluorescent cells using the zero term of the Poisson distribution p = e-" and m = (-Lp). Such a relation is observed (slope = 0.92) at 8 h post infection (Fig. 5b) ; a m.o.i, equal to ~ is obtained, under our conditions, with an inoculum containing 6"3 x io 8 IU/ml. At I2 h, the slope is lower (o'58). In this case, a m.o.i, of I was obtained with an inoculum containing z'7 x ~o 8 IU/ml. If a straight line with a slope ~ was adjusted to our experimental points, this estimation was very similar (z.o x io 8 IU/ml).
Persistent infectivn
In a Falcon flask seeded with 4 × Io6 cells and infected with the virus suspension containing Io 9 IU/ml, the same lytic effect was observed at 26 h post infection, but the culture was kept. Some cells escaped and were able to colonize the whole flask within so days. At this stage, 2 ~o were fluorescent (Table 3) . The culture was then transferred every week. After the 4th, 5th and 13th transfers, the percentage of fluorescent cells was determined and was invariably 2 %. After 13 transfers, the yield of the culture supernatant during 7 days was 1.2 × 2o 8 IU. This represents approximately (i.e. without correcting for inactivation) a release of 0"9 x ~ o 2 IU per fluorescent cell per day.
At this stage of the experiments it was observed that, within the 68K stock, 2 % of the cells were fluorescent. This stock must therefore have been accidentally contaminated and this prevented our attempts to further analyse a 'one step infection' and the modality of establishment of DXV persistent infection.
Drosophila X virus 25I
In all the cultures (intentionally infected or not) presenting 2 ~o fluorescent cells, the virus concentration of culture supernatant fluids was about the same: 4 x IO 7 IU/ml. Superinfection was tried with high titre inoculum 0o 9 IU/ml). Cells were fixed and stained 8 h post superinfection. Cultures superinfected at to days, 60 days and I2o days after primary infection invariably presented 2 % fluorescent cells before and after superinfection.
Several treatments were tried: heat treatment (24 h at 37 °C), cold treatment (24 h at 4 °C), actinomycin D treatment (o'5/zg/ml for I h). None of these treatments changed either the fluorescent cell background level or the immunity to superinfection.
Immune serum anti-DXV was added in the culture medium at a concentration of 1% and renewed every week for 60 days. Fluorescence decreased by a factor io but returned to the same level when the antiserum was removed (Table 3 ). DISCUSSION DX virus shares morphological features with viruses of an apparently emerging group, infectious pancreatic necrosis of trout (Cohen et aL I973; Cohen & Sherrer, I974) , Tellina tenuis virus (Hill, I976) and infectious bursal disease (Harkness et al. I975) . Like these viruses, it has an unenveloped single capsid with edges showing four substructures, suggesting a triangulation number T = 9 (Caspar & Klug, I962), though we have not been able to observe more than one five order symmetry axis on a particle. Like these viruses, it contains an RNA which is apparently double-stranded and contains two segments (D. Teninges, unpublished data). The origin of this contaminant virus is still unclear. It could have been pre-existent in Drosophila broods in a non-pathogenic form, and a highly virulent form may have been selected through serial passages in the insect. Such a situation has already been found with picornaviruses of Drosophila (Plus & Duthoit, I969; Plus et al. I975a) . N. Plus (I979a) has passaged about two hundred different Drosophila strains, including those we were using, and although a reovirus-like particle was isolated on one occasion (Plus et aL ~975b) , DXV was never isolated. This is a rather strong argument against the hypothesis that DXV could be an endemic virus in the Drosophila strains. DXV might have been introduced by the calf serum which was added in the cell culture and the fly extraction media. A virus particle, morphologically very similar to DXV, has also been observed in mosquito cells (Hirumi et al. I976) which poses the question whether these two contaminants share a common origin in calf serum. Bovine viruses have been described already in foetal calf serum (Kniazeff et al. I975) . N. Plus (I979b) made serial passages of several lots of foetal calf serum in flies. From some of the lots, virus particles which were morphologically and serologically identical to DXV were recovered, while control passaged flies were still virus free. A bovine virus can be expected to grow in some vertebrate cells and we could not find evidence of any multiplication of DXV at 3o °C in primary calf kidney cells nor in chick embryo fibroblasts. Moreover, DXV was not pathogenic to any of the following vertebrate systems: KB, HeLa, BHK, Vero cells and suckling mouse brain (J. C. Guillon, personal communication).
The preliminary results obtained by immunofluorescent staining of infected cells proved that this method could also provide an assay for DXV but its main interest is that it gives a good estimation of the real m.o.i, of cells in cultures. As an infectivity assay it appears less sensitive and reliable for the detection of small quantities of virus than injection in flies. Indeed, when 63 % of the flies injected become anoxia sensitive, the inoculum titre is z x io 3 IU/ml. The frequency of fluorescent cells induced by the same concentration of inoculum would be 3 x io -~ as inferred from the 8 h curve in Fig. 5b .
The mechanism by which the persistent infection of Drosophila cells is maintained is of interest. After infection of 68K cells, followed by an early phase of partial cell lysis, we observed that a stable equilibrium was established with a constant level of virus production and a constant percentage of fluorescent cells. The equilibrium could not be modified by superinfection with an inoculum much more concentrated than the cell culture supernatant. This result cannot be explained by the selection of genetically resistant cells after lysis of the sensitive ones since three clones isolated from infected lines had the same properties as the initial population (Table 2 ). Thus, the cells which do not fluoresce are either protected by a diffusible substance or are already infected and immune because they carry the virus in a repressed form. The equilibrium between virus and cell multiplication was modified by prolonged culture in presence of antiserum but reverted to the initial state when the antiserum was removed. Such a treatment was designed to neutralize extracellular virus and to show whether persistent infection needed a complete virus cycle or was maintained by intracellular propagation of virus genomes through cell divisions (Walker, i964) . The results obtained suggest that both mechanisms may be involved.
Such persistent infections have also been observed in Drosophila cells for Sigma virus (Ohanessian, I97I), VSV (A. Ohanessian, unpublished data), and for Sindbis virus (BrasHerreng, I975). In mosquito cells, the same type of infection was observed with other togaviruses (Singh, 1972; Davey & Dalgarno, 1974; Esparza & Sanchez, I975; Igarashi et al. I977) or with a rhabdovirus (Artsob & Spence, I974). The fact that viruses belonging to groups so different in their biology as DXV, toga and rhabdoviruses induce the same type of persistent infection in Drosophila or in mosquito cells suggests that there may be a control process common to these Dipteran cells.
The assay method in flies described for DXV is the only one available at the present time since, after contamination of 68K cells, all our cell lines were immune to superinfection by DXV. This assay is a little complicated by contact transmission, but since the maximum incubation period of flies inoculated by injection is shorter than 2o days and since the frequency of contaminated flies showing a symptom before 2o days is negligible, the contamination problem can be overcome in counting as primarily infected only the flies showing a symptom within 2o days after injection. When the values y --log (-Lp) are plotted against x = log c where c is the inoculum concentration, we do not obtain a slope of I as expected from a Poisson distribution of independent virus particles but a lower slope (o'64). This result does not mean that the virus particles are not independent in their probability of initiating infection. Indeed a slope lower than I was already observed for other viruses assayed in the Drosophila system and the possible causes have been analysed (Brun, I963) .
For instance, the highest values of y = log (-Lp) are underestimated when the variance of experimental points, due to uncontrolled variations in the inoculation process, is high or when the flies are heterogeneous in their response to infection (e.g. ira small fraction of flies infected by injection were not showing any symptoms within 20 days post injection and were not counted as primarily infected). With DXV, natural mortality can also interfere with the virus induced mortality. This increases the variability and contributes to overestimation of the lowest values of y. Therefore, for DXV, the slope can be lower than for other viruses previously studied (Plus, I954; Brun, I963; Printz, I968) . Still, the fact that the same slope was observed in three independent experiments validates the assay method in flies.
We are very grateful to Dr P. P6ri for the preparation of immune antiserum against DXV.
Note added in proof:
Since this work was done, DXV-free cell lines derived from Drosophila embryos have been obtained in our laboratory.
